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During cell entry, non-enveloped viruses undergo
partial uncoating to expose membrane lytic proteins
for gaining access to the cytoplasm. We report that
adenovirus uses membrane piercing to induce and
hijack cellular wound removal processes that facili-
tate further membrane disruption and infection.
Incoming adenovirus stimulates calcium influx and
lysosomal exocytosis, a membrane repair mecha-
nism resulting in release of acid sphingomyelinase
(ASMase) and degradation of sphingomyelin to cer-
amide lipids in the plasma membrane. Lysosomal
exocytosis is triggered by small plasma membrane
lesions induced by the viral membrane lytic pro-
tein-VI, which is exposed upon mechanical cues
from virus receptors, followed by virus endocytosis
into leaky endosomes. Chemical inhibition or RNA
interference of ASMase slows virus endocytosis, in-
hibits virus escape to the cytosol, and reduces infec-
tion. Ceramide enhances binding of protein-VI to
lipid membranes and protein-VI-induced membrane
rupture. Thus, adenovirus uses a positive feedback
loop between virus uncoating and lipid signaling for
efficient membrane penetration.
INTRODUCTION
Insults to plasma membrane integrity are life-threatening to
cells. They occur by mechanical stress, for example, in muscle
cells, or by pore-forming proteins in bacterially intoxicated cells
(Vadia et al., 2011; Walev et al., 2001). Breaching cellular mem-
brane integrity gives rise to infectious diseases and cancer, for
example, when microbes or viruses deliver toxins or nucleic
acids into eukaryotic cells, or break down the sterility of the cyto-
plasm, as shown for human papillomavirus 16 (Schelhaas et al.,C2012). Membrane wounding is also a crucial process in cell-
based immunity, where cytotoxic T lymphocytes form pores in
the plasmamembrane of diseased cells and eliminate these cells
by delivery of death-inducing proteases (Keefe et al., 2005).
Membrane wounds of limited size can be resolved by repair
processes reducing plasma membrane tension, formation of
intracellular vesicle patches, removal of the lesion by endocy-
tosis, or shedding processes (Jimenez et al., 2014; Reddy
et al., 2001; Tam et al., 2010). In many cell types, membrane
repair involves exocytosis of secretory lysosomes, which have
additional key physiological functions in bone resorption and
cytotoxicity of killer T cells against infected cells (Andrews
et al., 2014; Settembre and Ballabio, 2014). Secretory lysosomes
have not been implicated in early steps of viral infections so far.
Viruses depend on cellular cues for infectious entry into cells.
Many enveloped viruses fuse their lipid membrane with endoso-
mal membranes by low pH cues, or the plasma membrane by
receptor-triggered conformational changes (Cossart and Helen-
ius, 2014). These viruses do not cause membrane damage. In
contrast, non-enveloped viruses enter the cytosol by membrane
rupture or piercing processes depending on viral and cellular
factors (Browning et al., 2012; Suomalainen and Greber, 2013).
Non-enveloped viruses are widespread food- and water-borne
pathogens, and affect healthy and immune-suppressed individ-
uals. For example, human immune suppression leads to mor-
tality from adenovirus viremia (Ganzenmueller et al., 2011;
Matthes-Martin et al., 2013). Adenoviruses also cause strong
innate and inflammatory responses, which render them powerful
gene therapy vehicles in cancer and vaccination therapies (Ewer
et al., 2013; Hendrickx et al., 2014).
But how non-enveloped viruses rupture host membranes
is poorly understood. Initial studies with human adenovirus
species C (HAdV-C), such asHAdV-C2 or C5, showed that mem-
brane rupture is tightly coupled to dynamin-dependent virus
endocytosis and uncoating. Uncoating requires mechanical
cues from virus receptor binding and leads to the exposure of
the membrane lytic protein-VI (Burckhardt et al., 2011; Greber
et al., 1996; Meier et al., 2002; Wiethoff et al., 2005; Wodrich
et al., 2010). Subsequent penetration of endosomal membranesell Host & Microbe 18, 75–85, July 8, 2015 ª2015 Elsevier Inc. 75
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Figure 1. Ceramides Derived from ASMase Activity Are Enriched in Adenovirus-Inoculated Cells during Entry and Support Infection
(A) Lipidomic analysis of HeLa cells infected with HAdV-C2 or TS1 for 30 min in comparison to mock-infected cells. Ceramide species are highlighted in red
(increased) and blue (decreased).
(B) Schematic representation of ceramide-generating pathways and respective inhibitors.
(C–E) Chemical inhibition and silencing of ASMase reduce infection and ASMase activity. HeLa cells were treatedwith the indicated drugs for 4 hr before and 16 hr
during infection or transfected using lipofectamine (Lipo) with siRNA sequences specific for ASMase (siASMase1, siASMse2), GFP (siGFP), or non-targeted
sequences (siNT) for 72 hr before infection. Lysates of treated cells were incubated with HMU-PC, a fluorogenic substrate of ASMase.
(F) Gain of infection by addition of bSMase to ASMase-deficient GM00112 cells together with the inoculum.
See also Figure S1 and Table S1.is independent of low endosomal pH, and does not involve virus
passage through Rab7-containing endosomes (Gastaldelli et al.,
2008; Suomalainen et al., 2013), although it requires host factors
regulating early to late endosome maturation (Zeng and Carlin,
2013). Here we resolve this conundrum by showing that secre-
tory lysosomes provide critical lipid cues for a two-step activa-
tion process of the viral membrane lytic protein-VI.
RESULTS
Incoming Virus Triggers Ceramide Production through
Acid Sphingomyelinase
Using mass spectrometry, we quantified 159 membrane lipid
species during early steps in adenovirus infection of HeLa cells.
Only two ceramide species were significantly upregulated (log2
fold change > 0.4 and p values < 0.05) at 30 min after infection
with HAdV-C2. Ceramide remodeling was induced by wild-
type adenovirus, but not by HAdV-C2-TS1 (short TS1, Figure 1A;
Table S1). TS1 has a point mutation in the viral protease and
engages with the Coxsackievirus adenovirus receptor (CAR)
and the co-receptor integrins akin to wild-type HAdV-C2, but
fails to uncoat and cross the endosomal membrane (Burckhardt
et al., 2011; Gastaldelli et al., 2008; Nakano et al., 2000). Ceram-
ides are essential structural components of membranes. They
are involved in membrane signaling from microdomains, the for-
mation of vesicles, or cell death (Gault et al., 2010).76 Cell Host & Microbe 18, 75–85, July 8, 2015 ª2015 Elsevier Inc.To identify the critical ceramide biosynthesis pathway acti-
vated by incoming HAdV, we used inhibitors targeting ceramide
formation in the de novo or the salvage pathways (He et al., 2004;
Wang et al., 1991) and inhibitors blocking sphingomyelin (SM)
degradation by neutral and acid sphingomyelinases (ASMases)
(Kornhuber et al., 2008; Luberto et al., 2002) (Figure 1B). The
latter enzymes convert SM to ceramide, a cone-shaped
signaling lipid lacking a hydrophilic head (Bi et al., 1995). Solely,
the inhibition or silencing of ASMase reduced infection of A549
or HeLa cell lines, or primary human nasal epithelial cells with
adenovirus from species C2/5 or B3, notably without affecting
cell viability (Figures 1C and 1D and Figures S1A–S1F). Assaying
enzymatic hydrolysis of 6-hexadecanoylamino-4-methylumbelli-
feryl-phosphorylcholine (HMU-PC), a fluorogenic ASMase-spe-
cific substrate, demonstrated on-target action of amitriptyline
and anti-ASMase siRNA (Figure 1E). This was further corrobo-
rated by gain-of-function experiments where addition of
bacterial SMase (bSMase) to ASMase-defective fibroblasts
(GM00112) (Levran et al., 1992) strongly enhanced HAdV-
C5_GFP infection (Figure 1F). These results identify ASMase as
an important regulator of adenovirus infection.
ASMase Enhances Virus Endocytosis
ASMase is involved inmembrane homeostasis and constitutively
hydrolyses SM to ceramide and phosphorylcholine in late endo-
somes and lysosomes (reviewed in Beckmann et al., 2014). It
Figure 2. ASMase Inhibition Does Not Affect Binding and Fiber Shedding, but Delays Virus Endocytosis
(A) The levels of CAR and HAdV-C2 binding to HeLa cells are not affected by amitriptyline. Non-permeabilized cells treated with amitriptyline (25 mM) for 4 hr were
either stained for surface CAR with an antibody as described (Ebbinghaus et al., 2001) or exposed to HAdVC2-Atto488 at 4C for 1 hr followed by washing and
flow cytometry analysis.
(B) Fiber release in a cold-synchronized infection is not affected by amitriptyline (25 mM). Fixed cells were stained with anti-fiber antibody R72 (Greber et al., 1993)
and processed for confocal microscopy. The intensity of the antibody staining colocalizing with the viruses was determined in a single-cell, single-virus analysis.
One dot represents the average intensity of the fiber staining on viruses per cell.
(C) Amitriptyline (25 mM) delays virus endocytosis. Time course analysis of endocytosis in cold-synchronized infection of HeLa cells with HAdV5-Atto565. Surface
viruses were recognized by incubation with the 9C12 anti-hexon antibody at 4Con unfixed, unpermeabilized cells. Particles positive for Atto565, but negative for
9C12 staining, were considered endocytosed (Suomalainen et al., 2013). Endocytosed particles per cell were determined by confocal microscopy and MATLAB
software scripts.
(D) Rapid increase of total ceramide and reduction of total SM upon addition of bSMase to HeLa cells without affecting the PC levels.
(E and F) bSMase accelerates endocytosis of HAdV-C5-Atto565 in amitriptyline-inhibited cells, and TS1-Alexa488 in untreated cells. Endocytosis was measured
as described in panel (C). Cells were treated with amitriptyline or untreated, and exposed to HAdV-C5-Atto565 at 4C. Yellow shows surface particles, positive for
Atto565 and 9C12 staining. Warm medium supplemented with amitriptyline, bSMase (0.012 U/ml), or bSMase mixed with a 150-fold excess of the substrate
HMU-PC was added to cells at 37C for 5 min. Endocytosis of TS1 was evaluated at 10 min post warming.
See also Figure S2.controls inflammatory cytokine signaling and is implicated in
hepatic pathology, cardiovascular pathophysiology, and dia-
betes. Mutations in ASMase lead to lysosomal storage disease,
for example, Niemann-Pick disease types A and B (Levran et al.,
1992).
To unravel the function of ceramide lipids in adenovirus infec-
tion, we investigated specific steps in virus entry. Virus attach-
ment to cells or fiber shedding were unaffected by the ASMase
inhibitor amitriptyline (Figures 2A and 2B). However, ASMase in-
hibition delayed the kinetics of virus endocytosis in HeLa cells
(Figure 2C) and normal human WI-38 fibroblasts (data not
shown). Incubation of HeLa cells with bSMase rapidly increased
the ceramide and reduced the SM levels without affecting the PC
levels (Figure 2D). Importantly, addition of bSMase together with
the virus inoculum readily rescued the uptake of HAdV-C2 inCamitriptyline-treated cells, and this effect was blunted by the sol-
uble bSMase substrate HMU-PC (Figure 2E). Notably, bSMase
accelerated the internalization of TS1 (Figure 2F). This underlines
that SMase activity and high ceramide levels on the plasma
membrane enhance HAdV endocytosis, possibly by directly
affecting physical properties of the membrane. The results are
in line with previous findings showing that ceramide levels corre-
lated with increased endosomal and exosomal budding (Sandh-
off, 2013; Tam et al., 2010).
Ceramide Enhances Protein-VI Interactions
with Membranes
Protein-VI is the bona fide membrane lytic factor of adenovirus
(Maier et al., 2010; Moyer et al., 2011; Wiethoff et al., 2005). It in-
teracts with lipid bilayers in vitro, ruptures liposomes, and getsell Host & Microbe 18, 75–85, July 8, 2015 ª2015 Elsevier Inc. 77
Figure 3. Ceramide Enhances Capsid Protein-VI Binding to Liposomes and Membrane Rupture through Protein-VI and Boosts Endosomal
Escape of Virus
(A) ASMase inhibition reduced VI retention on cells. Cells were pre-treated with either DMEM-0.2% fatty acid-free bovine serum albumin (FAF-BSA) or 25 mMAmi
for 4 hr, incubated with HAdV-C5-Atto565 in the cold, and warmed at 37C in medium supplemented either with Ami, 0.012 U/ml bSMase, or bSMase mixed with
a 150-fold excess of its in vitro substrate HMU-PC for 5 min. Surface viruses were recognized by incubation with the 9C12 anti-hexon antibody in unfixed,
non-permeabilized cells at 4C. Viruses positive for Atto565, but negative for 9C12 staining, were scored as internalized, and VI exposure on internalized particles
was evaluated. Yellow shows colocalization between Atto565 viruses and VI staining.
(B) ASMase inhibition reduced endosomal escape of HAdV-C2-Alexa488, but not that of TS1-Alexa488. Infection was performed as described above, and
cytosolic viruses were scored by SLO permeabilization of the plasma membrane and perfusion of anti-Alexa488 antibodies as described (Suomalainen et al.,
2013).exposed on the incoming virus prior to membrane penetration
(Burckhardt et al., 2011; Suomalainen et al., 2013).
We addressed if ceramide lipidswere involved in exposing and
retaining protein-VI on membranes. While inhibition of ASMase
reduced membrane retention of protein-VI during virus entry,
simultaneous addition of bSMase and virus to cells fully reverted
this impairment, consistent with the interpretation that ceramide
enhances interaction of protein-VI with membranes (Figure 3A).
This was supported by the finding that amitriptyline inhibited
virus penetration to the cytosol at 15 min post infection (pi) (Fig-
ure 3B), a timepointwhenmost viruseswere internalized (Figures
S2A and S2B). The addition of bSMase rescued the escape of
HAdV-C2, while TS1, which fails to expose protein-VI due to
failure in releasing fibers and pentons (Burckhardt et al., 2011),
remained trapped in the endo-lysosomal network (Figure 3B).
We next assessed if protein-VI specifically interacted with cer-
amide-rich membranes. Partially uncoated viral particles were
exposed to liposomes composed of either PC (1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine), PC:SM 99:1, or PC:CER
(ceramide) 99:1. Liposomes bound to viral proteins were sepa-
rated from soluble material by floatation in a density gradient
and analyzed by immunogold EM with an antibody against pro-
tein-VI (Figures 4A–4C). While protein-VI floating with PC vesi-
cles was nearly undetectable, protein-VI strikingly associated
with sphingolipid-containing membranes, with a strong prefer-
ence for ceramide over SM.
To analyze how these interactions influence the integrity of
liposomes, we performed liposome rupture assays (Figure 4D).
Liposomes were produced from total lipid extracts obtained
fromHeLa cells, and enriched in ceramide by bSMase treatment.
They were loaded with self-quenching concentrations of car-
boxy-fluorescein. Incubation with uncoated HAdV-C5 triggered
rupture of liposomes, a phenomenon that was further enhanced
by ceramide. To address the role of protein-VI in this process, we78 Cell Host & Microbe 18, 75–85, July 8, 2015 ª2015 Elsevier Inc.tested the HAdV-C5 mutant VI-L40Q. This virus harbors a point
mutation in the N-terminal amphipathic a-helix of protein-VI
and exhibits attenuated membrane lysis activity (Moyer et al.,
2011). VI-L40Q led to limited leakage of high-ceramide lipo-
somes compared to HAdV-C5. This confirmed that protein-VI
is the primary viral mediator of membrane rupture. We conclude
that a lipid microenvironment enriched in ceramide favors endo-
cytosis of adenovirus and enhances endosomal membrane
rupture induced by the virus.
Plasma Membrane Lesion by Incoming Protein-VI
Triggers Lysosomal Exocytosis and Enhances
Endosomal Penetration of Virus
Cells can repair membrane lesions from toxins or mechanical
stress by exocytosis of lysosomal ASMase and endocytosis of
the injured membranes (Andrews et al., 2014). We tested
whether ASMase was relocalized to the plasma membrane by
exocytosis, and collected the supernatant of infected cells for
activity tests with the lysosomal enzymes ASMase and b-hexos-
aminidase. We strikingly observed increased activity of both
enzymes immediately after virus binding to HeLa or Wi-38 cells
(Figure 5A and 5B and Figures S3A and S3B). Lysosomal exocy-
tosis was ligand-specific, as TS1, cholera toxin B, or competitive
inhibition of virus binding by a soluble form of the primary virus
receptor CAR (CARex-FC) did not release ASMase or b-hexosa-
minidase into the supernatant. Importantly, b-hexosaminidase
translocation was independent of ASMase activity, since
amitriptyline treatment released normal amounts of b-hexosa-
minidase from HAdV-infected cells (Figure 5A). Neither control
nor amitriptyline-treated infected cells released large amounts
of the cytosolic enzyme lactate dehydrogenase, indicating that
the plasma membrane was not grossly damaged by the virus
(Figures S3A and S3B). Instead, HAdV-C2-inoculated cells had
reduced amounts of lysotracker-positive organelles at 20 min
Figure 4. Ceramide Enhances Binding to and Lysis of Liposomes
(A) Schematic representation of a protein-VI binding assay to liposomes. Top fractions were subjected to immunogold labeling of VI and EM analyses.
(B) Protein-VI exposure on heat-treated viruses mimics uncoating, as verified by immunogold labeling of VI and EM analysis.
(C) Protein-VI preferentially binds to liposomes containing ceramide, as shown by EM analyses and quantification of percent positive liposomes (a minimum of
250 liposomes were analyzed per condition).
(D) Protein-VI-mediated leakage is enhanced in ceramide-rich liposomes. Schematic representation of a liposome leakage assay. 6-carboxyfluorescein
entrapped liposomes were exposed to bSMase or left untreated. Liposomes were further incubated with uncoated HAdV-C5-GFP or uncoated VI-L40Q. Total
liposome leakage (100%) was induced by membrane solubilization with Triton X-100.pi compared to 0 min, or uninfected cells, suggesting lysosomal
exocytosis (Figure S3C).
The entry of Ca2+ into wounded cells triggers membrane repair
processes that seal off the wound within seconds (McNeil et al.,
2003). We therefore tested if cytosolic Ca2+ was transiently
increased (so called Ca2+ transients) during virus entry. We first
noticed that secretion of b-hexosaminidase triggered by HAdV
entry depended on extracellular Ca2+, but not Mg2+ (Figure 5C).
In addition, extracellular Ca2+ enhanced HAdV-C5_GFP expres-
sion and infection with wild-type HAdV-C2 (Figure S3D; Greber
et al., 1997), as well as HAdV-C5, but not TS1 endocytosis (Fig-
ures S3E and S3F). These data suggest that Ca2+-dependent
lysosomal exocytosis supports infection. This notion was rein-
forced by the observation that HAdV-C5 escape from endo-
somes was inhibited by the microtubule depolymerizing agent
nocodazole (Figure 5D and Figure S3G), an inhibitor of lysosomal
exocytosis and membrane sealing (Togo, 2006). Notably, inhibi-
tion of endosomal escape of HAdV-C2 by nocodazole was by-
passed by the addition of bSMase to the inoculum (Figure 5D).
This indicated that surface ASMase compensated for lack of
lysosomal exocytosis in virus escape from endosomes.
We next visualized the dynamics of Ca2+ fluxes upon inocula-
tion of HAdV-C2/5-Atto565 or TS1 to cells expressing the Ca2+
sensor GCamP5G (GCamP). The inocula contained minimal
amounts of broken particles (< 0.3%), as indicated bymeasuringCprotein-VI exposure on viruses attached to the cell surface at
4C (Figure S4A). While resting cells rarely showed Ca2+ spikes,
HAdV-C2-infected cells showed frequent cytosolic Ca2+ tran-
sients, which correlated in time with virus binding and endocy-
tosis (Figure 6A and Figure S4B; Movie S1). Note that virus
endocytosis occurs within a few minutes after virus attachment
to the cells, as indicated by bulk measurements and single virus
total internal reflection microscopy (Burckhardt et al., 2011;
Greber et al., 1993; Suomalainen et al., 2013). Ca2+ transients
were not observed with TS1, or in absence of extracellular
Ca2+ (Figure 6B and Figures S4C and S4D).
We analyzed the integrity of the plasma membrane by
time-lapse imaging of propidium iodide (PI), a membrane-imper-
meable substance that becomes fluorescent upon binding to
nucleic acids in the cytosol or the nucleus (Jimenez et al.,
2014). Incoming HAdV-C5 provoked the influx of PI from the
extracellular medium, visible as discrete spots several microme-
ters in diameter near the cell periphery (Figure 6C). The PI signals
lasted for a few secondswithout staining the nucleus, and strictly
correlated to cytosolic Ca2+ spikes (Figure 6C; Movies S2–S4).
The size of the HAdV-induced plasma membrane lesion is not
known. But it is likely smaller than the virus, as virus did not
penetrate the plasmamembrane (Meier et al., 2002), and PI influx
was similar to UV laser-induced plasma membrane wounds that
were about 50 nm in diameter (Jimenez et al., 2014). Very similarell Host & Microbe 18, 75–85, July 8, 2015 ª2015 Elsevier Inc. 79
Figure 5. Incoming Adenovirus Triggers
Ca2+-Mediated Lysosomal Exocytosis
(A–C) Incoming adenovirus induces Ca2+-depen-
dent lysosomal exocytosis. The activity of the
lysosomal enzymes b-hexosaminidase or ASMase
in the supernatant of cells under indicated condi-
tions was determined at 37C45min pi (A), or cold-
synchronized infection as indicated in (B) and at 15
min post-warming up (C). SLO is awell-established
inducer of lysosomal exocytosis (Tam et al., 2010)
and is used as positive control, while Triton X (T-X)
is used to solubilize membranes and measure the
total activity of lysosomal enzymes.
(D) Lysosomal exocytosis accelerated endosomal
escape. Cells were pre-treated with nocodazole
and exposed to bSMase during 20min of infection.
Cytosolic HAdV-C2-Alexa488 was stained by
immunofluorescence labeling in SLO-treated cells.
Control staining of surface-bound viruses in
absence of SLO is shown in Figure S3G.
See also Figure S3.PI fluxes were also observed in adenovirus-inoculated cells
expressing Dyn2K44A-GFP (Figure 6D). Dyn2K44A-GFP blocks
virus endocytosis, but not initial steps of uncoating (Greber et al.,
1993; Meier et al., 2002; Nakano et al., 2000). The results show
that incoming virus induces small transient lesions in the plasma
membrane and allows rapidmembrane repair. In only rare cases,
cells exhibited non-resolvable PI staining (Figure 6E, marked
by *, and Figure S4E), indicating a failure of lesion repair. These
non-resolving cells showed extensive plasma membrane bleb-
bing, a predictor for apoptosis (Figure S4E; Movie S5).
We tested if protein-VI was involved in plasma membrane
wounding, and measured the PI signal in cells inoculated with
lysates from HAdV-C2, HAdV-C5, or the penetration-impaired
HAdV-C5_VI-L40Q mutant. Results show that PI influx was
significantly reduced with the mutant compared to wild-type vi-
rus (Figures 6F and 6G). In addition, a neutralizing anti-protein-VI
antibody, but not control anti-protein-VIII antibody, reduced PI
influx into cells treated with uncoated HAdV-C2 (Figure 6G).
These observations further support the importance of protein-
VI for transient plasma membrane permeabilization, and are in
accordance with reports showing a capacity of adenovirus to
permeabilize the plasma membrane (Di Paolo et al., 2013; Wick-
ham et al., 1994).
DISCUSSION
Our data now establish a mechanistic correlation between small
wounds of the plasma membrane and virus penetration through
endosomal membranes, which are both mediated by protein-VI.80 Cell Host & Microbe 18, 75–85, July 8, 2015 ª2015 Elsevier Inc.The results indicate that protein-VI trig-
gers a positive feedback loop involving
lysosomal secretion, endocytosis, and
lipid modification, and thereby enhances
themembrane disruption activity of the vi-
rus and infection (Figure 7).
Membrane ruptures are widespread
in cell biological and immunological
pathophysiology. They have drastic con-sequences for cell integrity, but also provide opportunities for
morphogenesis, for example, assembly of large DNA viruses in
the cytoplasm, such as poxviruses or mimivirus (Mutsafi et al.,
2013; Sua´rez et al., 2013). Membrane rupture is a key process
for many non-enveloped viruses to access the cytosol. Cues
for membrane rupture involve capsid proteolysis and exposure
of viral lytic factors in case of reovirus (Schulz et al., 2012; Zhang
et al., 2009), or low endosomal Ca2+ in case of rotavirus (Abdel-
hakim et al., 2014). Interestingly, both viruses damage mem-
branes and use endocytosis for infection, but how these
processes are connected has remained unknown.
Virus-Induced Membrane Rupture Is a Multi-Step
Process
Using adenovirus as a model, we demonstrate a multi-step
mechanism to rupture cellular membranes. The distinct steps
involve highly coordinate changes in the incoming virus and
the receiving cell. Adenovirus is a medium-sized non-envel-
oped virus with a capsid diameter of about 90 nm (Mangel
and San Martı´n, 2014; Nemerow et al., 2012). It is an intricate
molecular machine designed to deliver a DNA genome into
the host nucleus. A step-by-step entry program is facilitated
by spatial and temporal cues from the cell and allows the virus
to overcome the barriers to the nucleus (Wolfrum and Greber,
2013). Initial mechanical cues from the cell surface virus recep-
tors, the primary receptor CAR, and the secondary receptor in-
tegrins expose the membrane lytic protein-VI (Burckhardt et al.,
2011). Protein-VI has an amphipathic alpha helix smaller than
50 amino acids, a large fraction of which is conserved across
Figure 6. Protein-VI of Incoming Adeno-
virus Permeabilizes the Plasma Membrane
and Triggers Cytosolic Ca2+ Influx
(A–C) Incoming adenovirus permeabilizes the PM.
Cytosolic Ca2+ transients and propidium iodide
(PI) influx were analyzed in cells expressing
GCamP during the first minutes of infection, either
by confocal microscopy or flow cytometry.
(D) Endocytosis is not required for plasma mem-
brane permeabilization by incoming HAdV. HeLa
cells expressing Dyn2K44A-GFP, a dominant-
negative dynamin-2 mutant incapable of vesicle
scission (Altschuler et al., 1998), were imaged
by time-lapse confocal microscopy in presence
of PI. The expression of Dyn2K44A-GFP blocks
HAdV endocytosis (Gastaldelli et al., 2008; Meier
et al., 2002; Nakano et al., 2000). Influx of PI
occurred in presence of Dyn2K44A-GFP showing
that endocytosis is not required for plasma mem-
brane permeabilization.
(E–G) Protein-VI permeabilizes the plasma mem-
brane. In presence of PI, cells were exposed to
HAdV-C5 or mutant VI-L40Q or to heat-uncoated
HAdV-C2 pre-incubated with indicated antibodies.
See also Figure S4.adenovirus types (Moyer et al., 2011; Wiethoff et al., 2005). It is
akin to antimicrobial peptides that are capable of membrane
permeabilization (Last et al., 2013). These peptides displace
the polar lipid head groups and integrate their hydrophobic
side into the hydrocarbon backbone of membranes. At a critical
protein-to-lipid ratio, these peptides either traverse the lipid
bilayer or form stable pores, thereby causing membrane dam-
age (Shai, 1999).
Although the virus contains more than 300 copies of protein-
VI, initial membrane lesions are small and may comprise only a
few copies of protein-VI. Based on analogy with laser-induced
plasma membrane lesions (Jimenez et al., 2014), we estimate
that these initial lesions are too small for the virus to pass
through. But these small wounds are conductive to Ca2+
signaling, and this induces lysosomal exocytosis and thus
increases ceramide lipid species at the plasma membrane
leading to enhancement of virus endocytosis. The ability of pro-
tein-VI to bind ceramide-rich membranes finally destabilizesCell Host & Microbe 18,and ruptures the endosomal membrane
enclosing the virus. Based on the earlier
observation that cytosolic virus is free
of protein-VI (Burckhardt et al., 2011),
we speculate that endosomal cues (other
than low pH) facilitate the release of
additional protein-VI from the interior of
the virus, and further enhance endoso-
mal rupture.
We consider it unfavorable for the
virus to penetrate the plasma mem-
brane, because cells respond to and
counteract plasma membrane stress by
increasing cytoskeletal tension in the
cortex, exocytosis, or regulation of ion
flux (Groulx et al., 2006). Rather thanpenetrating the plasma membrane, the virus is engulfed into
leaky endosomes, and penetrates endosomal membranes
that are low in stress-compensatory activities. Endosomal
membrane stress is further enhanced by protein-VI, which
perturbs membranes by forming positive curvature (Maier
et al., 2010). Such lipid-protein interactions may represent a
conserved mechanism of membrane destabilization that is
also used by bacterial membrane lytic proteins. For example,
Listeria monocytogenes uses a pore-forming toxin to induce
endocytosis and escape from host cell vacuoles (Vadia
et al., 2011). Membrane disruption may involve alterations of
intrinsic lipid fluctuation frequencies leading to dose-depen-
dent membrane rupture (Last et al., 2013). Tuning of the
membrane lytic activity of protein-VI by involving lysosomal
exocytosis, ASMase, and ceramide lipids ensures that the
insults to cell integrity remain localized and do not lead to
massive cell damage. This is a key for cell survival and ensuing
steps of infection.75–85, July 8, 2015 ª2015 Elsevier Inc. 81
Figure 7. Schematic Summary of Lipid Signaling-Enhanced Virus
Penetration of Endosomal Membranes
(1) Limited HAdV uncoating leads to exposure of the membrane lytic protein-VI
and influx of Ca2+ through small lesions of the plasma membrane.
(2) Ca2+ influx triggers lysosomal exocytosis and delivery of ASMase to the
outer surface of the plasma membrane.
(3) ASMase converts sphingomyelin (SM) to ceramide (Cer).
(4) Cer increase accelerates virus endocytosis.
(5) Cer increasingly recruits protein-VI, and this enhances the destabilization of
the endosomal membrane until enough protein-VI has been released.
(6) Endosomal membrane breaks, and virus is released to the cytosol.ASMase and Sphingolipids Are Key Elements for
Infectious Disease
Ceramide is derived from SM by ASMase and supports adeno-
virus membrane penetration. SM is highly abundant in the outer
leaflet of the plasma membrane, traffics through the endo-lyso-
somal network, and plays an essential role in the formation of
lipid rafts (for a review, see Simons and Toomre, 2000). SM-
enriched membrane domains mediate the binding of Ebolavirus
to cells or facilitate early steps inmeasles virus infection of imma-
ture dendritic cells (Beckmann et al., 2014; Schneider-Schaulies
and Schneider-Schaulies, 2014). Ceramide-enriched membrane
domains are sites of increased viral and bacterial pathogen up-
take owing to curvature induction and signaling (Beckmann
et al., 2014; Simonis et al., 2014). ASMase is a clinically important
lysosomal enzyme, and an early responder in inflammatory
cytokine signaling in cardiovascular pathophysiological condi-
tions and diabetes, which is, for example, associated with Cox-
sackievirus infection of beta-cells of the pancreas. An inhibitor
of ASMase, amitriptyline, which we found inhibits adenovirus
infection, is used to block bacterial infections in CFTR patients
(Becker et al., 2010; Nahrlich et al., 2013; Teichgra¨ber et al.,
2008). In addition ASMase supports Japanese encephalitis virus
and human rhinovirus infections, although it is not clear if this in-
volves lysosomal exocytosis (Grassme´ et al., 2005; Miller et al.,
2012; Tani et al., 2010).
Lysosomal Exocytosis and Endocytosis Are Associated
with Repair of Virus-Induced Membrane Damage
Lysosomal exocytosis is a general response of cells to plasma
membrane wounding, and is associated with membrane repair82 Cell Host & Microbe 18, 75–85, July 8, 2015 ª2015 Elsevier Inc.(Andrews et al., 2014). Restoring membrane integrity is crucial
to preclude necrosis and apoptosis, and reduce inflammation
from necrotic cells. Lysosomal exocytosis is robustly induced
by small wounds from the incoming adenoviruses of both spe-
cies B and C, but exactly how the wounds in the membrane
are repaired is not yet known. Although plasma membrane bleb-
bing and shedding of micro-vesicles have been implicated in
repair of laser-induced membrane lesions through the AAA-
ATPase VPS4 (Jimenez et al., 2014), we found no indication for
involvement of VPS4 in HAdV-C5_GFP entry or membrane
shedding (data not shown). We therefore consider this process
unlikely to account for wound repair in adenovirus-infected cells.
Instead, it is more likely that the repair mechanism involves lyso-
somal exocytosis followed by endocytosis of damaged mem-
branes. As shown in this study, lysosomal exocytosis delivers
ASMase outside of the cell, increases cellular ceramide levels,
and enhances the rate of viral endocytosis. Viral endocytosis is
cholesterol- and dynamin-dependent (Imelli et al., 2004; Meier
et al., 2002), and might thereby help to remove damaged mem-
brane areas, akin to cholesterol-dependent endocytosis, which
removes wounds caused by bacterial toxins (Idone et al.,
2008). We can, however, not exclude that other endocytic pro-
cesses are involved in clearing protein-VI-induced membrane
damage. Noticeably, adenoviruses induce dynamin-indepen-
dent cholesterol-dependent macropinocytosis with features of
membrane ruffling, blebbing, and wobbling (Amstutz et al.,
2008; Fleischli et al., 2005; Ka¨lin et al., 2010; Meier et al., 2002;
Nagel et al., 2003). Macropinocytosis requires CAR, integrin, or
CD46 receptors, as well as cortical actin dynamics induced by
Ca2+ transients. This is similar to the endocytic pathway clearing
streptolysin O-induced membrane damage (Corrotte et al.,
2012; Idone et al., 2008).
EXPERIMENTAL PROCEDURES
Lipid Extraction and Mass Spectrometry
For lipid profiling, 8 3 106 HeLa cells were infected for 30 min with 6.8-ml
inocula containing 2 mg of HAdV-C2 or TS1. Total lipid extracts were collected
according to a modified Bligh and Dyer protocol, and 159 lipid species were
analyzed by HPLC MS/MS as described in Tanner et al. (2014). The values
listed in Table S1 represent the molar fraction of each lipid species compared
to the total amount of measured lipids. The log2 fold change of lipid abundance
at 0 and 30 min pi was plotted, and statistical significance was evaluated by
unpaired Student’s t test (two-tailed, p < 0.05). The experimental variance is
indicated in the y axis (p value). For ceramide quantification in bSMase-treated
samples, 2 3 106 HeLa cells were incubated for 5 min with 0.2 U bacterial
sphingomyelinase from S. aureus (bSMase; Sigma). Total lipid extracts were
collected as previously described (Guan and Wenk, 2012), except that cell
suspensions in chloroform:methanol (1:2) were vortexed 1 min and incubated
on ice for 4 min three times. After adding 300 ml chloroform and 200 ml ultra-
pure H20, samples were vortexed for 1min and incubated on ice for 1min three
times. Ceramide and SM were quantified using LC-MS (Guan et al., 2013).
Infection Assays
Cells grown on 96-well imaging plates (Greiner Bio-One) were infected in
DMEM-0.2% FAF-BSA fraction V (Roche) for 16–24 hr to reach an infection
level of 20%–40%. Cells were fixed, stained with DAPI, anti-VI (Burckhardt
et al., 2011), or anti-hexon (mab 8052, Millipore), and imaged by automated
fluorescence microscopy with ImageXpress Micro (Molecular Devices).
Mean fluorescence intensity of the nuclear GFP signal and percentage of either
GFP-expressing or protein-VI-stained cells were evaluated using a custom-
programmed MATLAB routine (MATLAB R2009b, available upon request).
For drug interference, cells were treated with 50 mM myriocin (He et al.,
2004) (Enzo Life Sciences), 100 mM fumonisin B1 (Wang et al., 1991) (Tocris
Bioscience), 50 mM GW4869 (Luberto et al., 2002), 25 mM amitriptyline, or
5 mM fluoxetine (Kornhuber et al., 2008) (all Sigma) for 4 hr before and during
infection with either HAdV-C5_GFP, HAdV-C2, or HAdV-B3. For siRNA-medi-
ated knockdown of ASMase, HeLa cells were subjected to reverse-transfec-
tion with 10 nM siRNA using lipofectamine RNAiMAX (Life Technologies),
and cells were infected after 72 hr. ON-TARGETplus siRNA sequences against
human SMPD1 (J006676-05; J-006676-06) and non-targeting sequences
were obtained from Thermo Scientific Dharmacon; siRNA against GFP from
Microsynth. For rescue experiments in GM00112 cells, inocula were supple-
mented with 0.024 U/ml of bacterial sphingomyelinase (bSMase) from
S. aureus (Sigma). For Ca2+-free infection assays, cells were exposed to the
inoculum with or without Ca2+ for 2 hr, then placed for further 14 hr into
DMEM-0.2% FAF-BSA to avoid cell detachment.
Detection of Cytosolic Viruses
Cytosolic viruses were distinguished from endosomal viruses using SLO-
penetration assay and EM analysis. Both procedures were performed exactly
as described in Suomalainen et al. (2013). Briefly, cells were pre-treated with
25 mm amitriptyline for 4 hr, 10 mM nocodazole for 1 hr, or left untreated and
exposed to a cold-synchronized infection for various times. For SLO-assay,
streptolysin O (SLO; Sigma) was used to selectively permeabilize plasma
membranes and allow perfusion of antibodies to the cytosol, but not to the
lumen, of intracellular organelles. HAdV-C2-Alexa488 and TS1-Alexa488
were immunostained with rabbit anti-Alexa Fluor 488 antibodies at 4C for
1 hr (Life Technologies). Samples were processed as described in the previous
section. Mean signal intensities of anti-Alexa Fluor 488 staining associated
with viruses per cell are indicated. For quantification of EM sections, the num-
ber of viruses at the plasma membrane, in endosomes, and in the cytosol was
determined by manual counting.
Liposome Floatation
1-palmitoyl-2-oleoylphosphatidylcholine (PC), N-octadecanoyl-D-erythro-
sphingosine (CER), N-octadecanoyl-D-erythro-sphingosylphosphorylcholine
(SM), and extruder were obtained from Avanti Polar Lipids. Dried lipid films
composed of PC, PC:CER 99:1 mol %, and PC:SM 99:1 mol %were hydrated
in liposome buffer (10 mM HEPES, 150 mM NaCl, 2 mM CaCl2 [pH 7.5]) at
1 mg/ml. Lipid suspensions were subjected to 20 freeze-thaw cycles and
extruded 11 times through a 100-nm polycarbonate membrane. Viruses
were pre-incubated at 45C for 10 min to induce uncoating (Wiethoff et al.,
2005). Uncoated viruses (4 mg) were incubated with liposomes (100 mg) at
37C for 15 min, samples mixed with OptiPrep (Sigma) to a final concentration
of 15%. Each 600-ml sample was overlaid with a density gradient of OptiPrep
(1.5 ml of 10%, 1 ml of 2.5%, and 0% in liposomes buffer) and centrifuged at
100,000 3 g at 4C for 2 hr. Low-density, empty liposomes floated to the top
fraction of the gradient, while liposomes bound to viral proteins concentrated
into a lower band. Fractions of 400 ml were collected, subjected to immunogold
labeling with anti-VI antibodies, and analyzed by EM-negative staining with
uranyl acetate. Imageswere blindly acquired at 25,0003magnification without
detecting the gold signal. Each image was magnified up to 80,0003, and the
total number of liposomes and liposomes bound to gold was counted. To
avoid underestimation of binding, when one liposome bound to n+1 gold,
n liposomes with 100% binding (meaning one liposome bound to one VI-
gold) were included in the statistics.
Liposome Leakage
Total lipid extracts of 5 3 106 HeLa cells were prepared as described (Tanner
et al., 2014), dried, and re-hydrated in 0.2 M 6-carboxyfluorescein (6-CF;
Sigma). Liposomes were produced as described for the liposome-binding
assay. To remove unincorporated 6-CF, the sample was passed through a
gravity flow column (1 ml, Bio-Rad) filled with Sephadex-G50 (Pharmacia
Biotech; hydrated overnight at 4C) and was centrifuged at 2,000 3 g for
2 min. Liposomes (100 ml) were loaded on the gel and centrifuged at
2,0003 g for 2 min. The eluate was cleared by a second step of centrifugation
on a new column, and the final volume was brought to 200 ml with liposome
buffer. Cleared liposomes from approximately 53 104 cells were immediately
pre-incubated with 0.48 U/ml bSMase or liposome buffer for 15 min, and
further incubated with 5 mg/ml uncoated HAdV-C5-GFP or 5 mg/ml uncoatedCVI-L40Q virus at 37C for 15 min. A total of 100% of liposome leakage was
determined by adding Triton X-100 to a final concentration of 0.5%. Fluores-
cence was measured with M200 Infinite Plate Reader (Tecan) at 485-nm exci-
tation/530-nm emission. The percentage of leakage was calculated using the
following formula: 100 [(Fmeas _ F0)/(Ftx100 _ F0)], where Fmeas is the
maximum fluorescence intensitymeasured, F0 is fluorescence intensity before
adding viral proteins, and Ftx100 is the fluorescence intensity in the presence
of 0.5% Triton X-100, as described in Moyer et al. (2011).
Live Imaging of Ca2+ and PI
HeLa cells were transfected with pCMV_GCamP5G (Addgene) (Akerboom
et al., 2012) and grown in 96-well imaging plates (Greiner Bio-One) for
24 hr. Cells exposed to 1–10 mg/ml HAdV-C2-Atto565 or 1–10 mg/ml
HAdV-C2 in presence of 0.2 mg/ml PI (Molecular Probes) or absence of
Ca2+ were imaged for 0–15 min at 37C with a Leica SP5 confocal micro-
scope equipped with 403 (oil immersion, numerical aperture 1.25) objective.
Z stacks composed of 4 3 0.5 mm steps were recorded at a frequency of
8,000 Hz applying bidirectional scan, line averaging 323, and minimized
acquisition time. Total fluorescence intensity per cell or per area was quan-
tified with MacBiophotonics ImageJ (McMaster University). Quantifications
show a minimum of 16 representative cells out of the 50–200 cells imaged
in at least three movies per condition.
Statistical Analysis
Statistical analyses were performed using GraphPad Prism software (Version
5, GraphPad Software, La Jolla). Population data are plotted as bars or
symbols, and single-cell-based assays are represented as scatter dot plots,
where the horizontal bars indicate the mean value and the vertical bars the
SEM. Two-tailed p values were calculated by unpaired t test with confidence
interval 95%. Other methods are described in detail in Supplemental Experi-
mental Procedures, including flow cytometry, lysotracker quantifications,
and cell toxicity assays, or enzymatic assays for ASMase and lactate dehydro-
genase activities.
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